Current literature highlights a wide variety of potential citizen science project outcomes, but no prior studies have systematically assessed performance against a comprehensive set of criteria. A novel framework applied to the Zooniverse platform illustrates how a success matrix can measure both contribution to science and public engagement levels relative to other projects. T he last decade has seen several significant developments and innovations in online citizen science, not the least of which is the creation of Zooniverse (www.zooniverse.org), a cluster of projects that use volunteer contributors to analyze and interpret large datasets. Although these data are too complex to interpret using computer algorithms, 1 the analytical tasks that volunteers are asked to complete are simple enough that members of the public can engage meaningfully without having specialist knowledge or backgrounds in science. 2 The Zooniverse platform that exists today grew out of the original Galaxy Zoo project, which has been lauded by several scientific organizations around the world as "high profile" (http://ec.europa.eu/environment/integration/research/newsalert/
T he last decade has seen several significant developments and innovations in online citizen science, not the least of which is the creation of Zooniverse (www.zooniverse.org), a cluster of projects that use volunteer contributors to analyze and interpret large datasets. Although these data are too complex to interpret using computer algorithms, 1 the analytical tasks that volunteers are asked to complete are simple enough that members of the public can engage meaningfully without having specialist knowledge or backgrounds in science. 2 The Zooniverse platform that exists today grew out of the original Galaxy Zoo project, which has been lauded by several scientific organizations around the world as "high profile" (http://ec.europa.eu/environment/integration/research/newsalert/ pdf/IR9.pdf ), "well-known" http://goo.gl/S0orvU, and "successful" http://goo.gl/HGL68c. The Galaxy Zoo project received approximately 70,000 classifications per hour within 24 hours of its initial launch and more than 50 million classifications in its first year. As a consequence of this initial project's popularity, the Zooniverse platform has subsequently launched an increasingly diverse range of other projects and now has more than 1.1 million registered volunteers around the world.
Zooniverse projects are united by two distinct aims and objectives. The first is to solve specific scientific problems by serving as a reduction tool for data-and labor-intensive science, thereby transforming raw user input into a "data product" for use in research. 3 This is achieved by making "the best use of knowledge and skills of volunteers rather than their computers," 4 while also benefiting from the serendipitous discoveries that often emerge from the visual inspection of datasets. The second core objective is to engage with the public to educate and change attitudes toward science. This goal manifests itself via blogs, Twitter feeds, and other social media outlets, as well as outreach and education programs such as Zooteach (http:// teach.zooniverse.org).
Several prior studies of citizen science undertaken by Andrea Wiggins and Kevin Crowston [5] [6] [7] modeled the organizational structures of projects with a typology of activates based on variations in goals and tasks. Their work highlights the significant heterogeneity that exists among online citizen science projects, limiting the extent to which one can be directly compared against someone else. This article's aim is to address, at least partly, the lack of common criteria for comparing and contrasting online citizen science projects within Zooniverse's diverse online ecosystem. We set the following specific research questions:
■ How can measures of success and outputs from a citizen science project be defined? ■ What's the relative positioning of Zooniverse projects against these measures of success?
Our study is novel in this approach for several reasons. First, we define a representative set of project-level outcomes highlighted by citizen science literature and combine these with a number of unique measures to assess the extent to which a project has been successful. Second, we use these measures to specify a unique citizen science performance matrix and use it to assess the relative performance of a sample of 17 Zooniverse projects spanning a range of activities and scientific disciplines (the specific projects considered are Galaxy Zoo 1-4, Moon Zoo, Planet 4, Planet Hunters, Solar Stormwatch, the Milky Way Project, Bat Detective, Seafloor Explorer, Snapshot Serengeti, Whale FM, Ancient Lives, Cyclone Center, Cell Slider, and Old Weather). By developing an understanding of the differences between better and less well performing projects, the work presented here will be of value to citizen science practitioners in identifying and learning from best practice in the field.
Literature Review
Although the literature on citizen science generally acknowledges the broad outcomes of scientific contribution and public engagement, several authors have interpreted these outcomes in different ways. With respect to scientific contribution, the quality, size, or completeness of data generated is frequently mentioned as a key project outcome. [8] [9] [10] [11] Although assessing impact through publication and citation counts can potentially be problematic 12 and could reflect other project-specific factors, publications and citations in peer-reviewed academic journals can arguably represent an objective measure of the project-generated data's scientific value. 13 Indeed, the coauthorship of academic papers is a means by which well-functioning citizen science platforms can formally recognize volunteer participation 14 and incentivize more valuable contributions. 6 Additionally, several other authors highlight effective project design and resource allocation as an important aspect of producing high-quality data output-in essence, the extent to which projects are intuitive, break
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down large tasks to an appropriately small scale, and successfully match teams of scientists and participants to sets of tasks. 15 M. Jordan Raddick and colleagues 14 at least partly define successful projects in terms of user contribution calibration-that is, the extent to which appropriately sophisticated algorithms convert the participantprovided raw data into meaningful scientific insight. 6 Other measures of effective project design and resource allocation include the provision of adequate training, 16 the division of effort among volunteers, 17 and the extent to which accurate data can be collected at a lower cost. 18 With respect to the second broad aim-public engagement-several authors highlight the importance of dissemination and feedback as a key project outcome. This relates to informing participants about the ways in which their data have been used, 15 while also serving as a means by which volunteers can be rewarded for their participation. 1 
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19 also highlight the importance of organized public outreach events to achieve these objectives. A parallel strand of engagement is the extent to which citizen science projects lead to greater levels of participation and opportunities for learning. Participation can be measured in several different ways, such as the extent to which a project succeeds in generating a critical mass of volunteers 6, 20 or its ability to sustain levels of engagement over longer periods. 17 Although providing opportunities to enhance understanding of science is widely identified as a key outcome of citizen science projects, [21] [22] [23] changes in scientific literacy are often extremely difficult to measure in practice. This is because direct measures, such as enhanced understanding of science content and processes, 14 can't be determined without extensive longitudinal research conducted with the volunteers themselves. However, several authors have suggested that effective proxies for scientific literacy are measures of participation, such as the duration of involvement in projects 13 or changes in patterns of communication, feedback, and participation in public forums. 24 
Data
Our comparative analysis of Zooniverse projects uses a matrix to identify better and less well performing projects, as well as the key differences between them. The two main dimensions we used to position projects on this matrix are contribution to science and public engagement. Table 1 shows the suggested subcriteria making up the higherlevel elements of the matrix, along with a range of suggested project performance measurements or proxies against these subcriteria. We derived our measures from raw classification files and project backups generated by the Zooniverse platform, as well as Web analytics for individual projects, blogs, and Twitter feeds. Data for retired or inactive projects encompassed all active project dates; data for ongoing projects were collected between 21 September and 2 October 2014. In each case, the term subject refers to a single data artifact, such as an image or an audio clip, and classification refers to a volunteer completing a single unit of analysis. We calculated community engagement by assigning a relevant unit of engagement (a forum post, a new Twitter follower, or a blog view) if the project was active on the date the new engagement was registered. For projects with periods of inactivity, we only counted statistics such as blog views if they fell within the project's active period.
For many measures, we report activity rates over time as opposed to raw numbers, both in terms of active project duration (length of time that the project actively accepted new classifications) and project age (length of time between the project's start and October 2014, which might include periods of inactivity). We used these depending on whether the particular performance measure could only occur while the project was active (classification activity) or after it finished accepting new classifications (publications). To account for nonlinearity in activity growth over time, we divided raw figures by active project duration or age squared. This simple measure allows us to broadly account for the expected rise in publication rates for scientific projects over time observed in other studies 25, 26 and at least partly remove the bias caused by directly comparing longer-running projects against those with shorter durations.
The criterion for inclusion in the sample was that were to have launched at least 18 months prior to this study. Although time might not be the only constraint on publication activity, we consider this to be the minimum project age that would allow a chance for science teams to publish at least some output, given the median observed period of 21 months for teams to publish their first paper. According to this criterion, we sampled a range of data from 17 online citizen science projects with an active period of at least one year, plus an additional project with a duration of approximately one month. The Andromeda Project's short duration made it difficult to compare against other projects because of the unusually high level of public engagement it received over such an abnormally short space of time. Although the Andromeda Project's enormous success should be acknowledged, it remains a significant (positive) outlier in this sample group, so we exclude it from the full analysis and limit our direct comparison to those projects with an active period of greater than one year. We calculated the scores awarded to each of the 17 remaining projects by comparing projects relative to the leading performer, meaning that at least one project always receives a score of 1 against each measure. We broke the projects down into four broad categories: Galaxy Zoo, other astronomy, ecology, and other.
Analysis Figure 1 shows project-level data for contribution to science. Figure 1a shows performance against the data value indicator and measures the extent to which the output of the various projects has contributed to the stock of scientific knowledge in their respective fields. The data show that 7 out of 17 of the projects in the sample haven't produced any publications to date. As a result, these projects receive a score of zero for both publication rate and academic impact, meaning that performance is somewhat unevenly distributed against this measure within our sample. Projects that have scored well here are mainly those related to astronomy, especially the early Galaxy Zoo projects, the Milky Way project, and Planet Hunters, while notable exceptions from outside astronomy are Old Weather and Whale FM. The three astronomy projects explicitly mentioned here represent the early Zooniverse projects, suggesting that strong performance is at least partially an effect of time rather than just subject area. This is possibly driven by variations in publication rates across scientific fields documented elsewhere in the literature. 27, 28 In comparison, completeness of analysis is considerably more evenly distributed across projects, although two significant outliers are Bat Detective and Cyclone Center, which have both received relatively low numbers of classifications per subject relative to their target. Generally, it's clear that other non-astronomy projects tend to score somewhat unfavorably against these measures compared to astronomy projects. Figure 1b reports data on project design and resource allocation. The measures in this indicator are intended to act as a proxy for the extent to which effective project design and organization allow volunteer input to achieve maximum impact. All Zooniverse projects perform roughly equally on two counts-namely, the distribution of volunteer effort and cost savings, measured in terms of the amount of time it would otherwise have taken a professional scientist to have analyzed the same quantity of data. There are no clear patterns in the differences observed between projects across subject areas and of different durations, although the projects associated with the lowest resource savings are the only two audio-based projects in the sample (Bat Detective and Whale FM), both of which received relatively low numbers of classifications. The inequitable distribution of volunteer effort is highlighted by relatively low levels of equality for most projects (mean value of [1 -Gini coefficient] = 0.19), indicating that the distribution of effort across users is long-tailed. Notable exceptions with more equitable distributions of effort are Ancient Lives and Whale FM. For both of these projects, the number of active hours and classifications per user are relatively low, suggesting a high incidence of users leaving these projects after supplying a low number of classifications.
Most Zooniverse projects are broadly similar in the extent to which they lead to cost savings, with an average across projects of approximately 34 fulltime working years saved due to the involvement of volunteers. (The average length of time it would take a professional to classify the same amount of data recorded against a project in our sample is approximately 37 years, whereas the average project active period is 2.4 years.) Even these figures are likely to understate the value of data analysis by large numbers of contributors, given the potential for unexpected discoveries and opportunities for education and public engagement. Data on training provision aren't available in all cases, either due to a lack of a tutorial feature for a given project or because tutorial participation wasn't recorded. For those projects where data are available, a relatively Most Zooniverse projects are broadly similar in the extent to which they lead to cost savings, with an average across projects of approximately 34 full-time working years saved due to the involvement of volunteers. Total number of papers published divided by the square of project age. In fields where peer-reviewed journal articles are the norm, this includes only published or in-press peer-reviewed articles.
Number of classifications Target number of cl lassifications
Total number of classifications received by the project divided by the target number of classifications per subject. The target is determined as the number of classifications per subject required to achieve an acceptable level of scientific and statistical validity.
Number of citations per publication
Project
Total number of citations received per publication divided by project age squared.
1− Active project duration One person workload d
Active project duration divided by the number of weeks that a professional would need to work full time (35 hours per week) to complete all classifications recorded on the project.
-(Gini coefficient)
A measurement of equality in the distribution of classifications across users.
1−

Volunteers who only complete tutorial Total number of volunteers
The proportion of volunteers who go on to complete at least one classification after completing the tutorial. We don't report data for some projects due to the absence of a tutorial or lack of reliable data on completion rates. high proportion of users who complete the training exercises go on to provide full classifications. Projects such as Ancient Lives, Cell Slider, Snapshot Serengeti, and Bat Detective outperform others according to this measure, which might be indicative of particularly effective design in the tutorials for these projects. In practice, it's likely that differences in tutorial completion and large numbers of missing values are a result of changes in the way the tutorials are designed and classifications are recorded over time; both practices have only been standardized across Zooniverse projects relatively recently. Figure 2 contains data relating to the public engagement element of our success matrix, with Figure 2a reporting project performance against dissemination and feedback. We used an aggregate measure of activity on blogs, Twitter, and talk pages as a proxy for communication, and an aggregated measure of blog replies and talk posts made by members of the science teams as a proxy for interaction. We chose to construct a composite indicator of activity in this way to at least partly counter any bias caused by deliberate de-prioritization of certain individual channels as part of each project's engagement strategy, as well as differences in the culture of social media use among scientific disciplines. 29 Projects that are successful in terms of communication and interaction are predominantly those in the area of astronomy, especially Galaxy Zoo, where activity levels are consistently high across all three channels. Outside of Galaxy Zoo, only Snapshot Serengeti scores well against these measures, largely because of its relatively high levels of blogging compared with other projects. We observed comparatively low levels of activity for nature and humanities projects. This was especially true for Whale FM, Ancient Lives, and Cyclone Center, which received lower scores, mainly due to the low numbers of tweets and forum posts. A potential reason for these differences is variation in talk activity, both in terms of use by volunteers and science teams. The implementation of talk pages is very different among Zooniverse projects: some explicitly require a decision on whether to discuss subjects or provide an obvious link to do so, whereas others do not. We should also note that the Cell Slider project scored zero against these criteria due to an absence of a project blog, Twitter account, or Talk feature. This conscious decision was driven by a concern over the discussion of medical issues without proper moderation, although communication and interaction relating to this project is likely to occur via other channels outside of Zooniverse's control.
The final and somewhat less frequently observed outcome is collaboration, which we measured by aggregating the number of papers published listing citizen science contributors as coauthors. Specifically, we measured instances Figure 1 . Contribution to science: (a) data value and (b) project design and resource allocation. The three astronomy projects explicitly mentioned here represent the early Zooniverse projects, suggesting that strong performance is at least partially an effect of time rather than just subject area. where project volunteers either progressed to or were invited to participate in more advanced work with professional scientists; we observed it only in astronomy-related projects, specifically, variants of Galaxy Zoo, Planet Hunters, and Solar Stormwatch. Although this could arguably represent a fairly high bar for success and often occurs only as a result of particularly significant and unusual discoveries, it's at least partially related to the richness of the project dataset and the volunteers' engagement. Figure 2b contains data relating to our second measure of public engagement, participation and opportunities for learning. The first dimension of this is the sustained engagement of volunteers, measured as the median duration between the first and last classifications received from contributors. Snapshot Serengeti dominated this category, with a median of 4.3 hours of sustained engagement per volunteer versus an average of just over 30 minutes for all other projects. Snapshot Serengeti also dominated the public contribution measure, with a median of 61 classifications provided by each volunteer over a comparatively short active period compared to a median of around 21 classifications per user on average for other projects. A potential reason for this variation could be due to the different lengths of time it takes to complete a single classification. Project appeal, measured by the total number of contributors standardized by active period, showed strong performance for Snapshot Serengeti, although we observed comparable performances for most Galaxy Zoo projects and Planet Hunters. Overall, these measures showed a significant contrast between projects with a strong project appeal and those without it. Figure 3 shows the success matrix reflecting aggregated performance against contribution to science and public engagement. We positioned individual projects by taking the mean of the scores awarded in each subcategory; we positioned the axes themselves so that they cross at the mean level of performance observed within the sample. The marker size corresponding to each project represents the total number of classifications received, such that we can observe the relationship between success and project scale.
The success matrix appears to show a positive trend relating to the positioning of projects and marker size, indicating that projects receiving more classifications tend to be more successful. Comparatively few projects demonstrate markedly higher levels of public engagement relative to scientific impact (and vice versa), indicating that the elements of our success matrix are strongly linked (correlation coefficient = + 0.54). Galaxy Zoo 4 is the only project that scores relatively well against public engagement, but less well against contribution to science. Conversely, a more significant cluster of projects have the opposite relationship-namely, Cell Slider, the Milky Way Project, and Ancient Lives. This indicates that projects are more likely to make a strong contribution to science despite low public engagement than the reverse. Table 2 presents correlation coefficients between matrix elements (contribution to science and public engagement, respectively) and the constituent performance indicator measurements we used to position the projects. Correlation strength varies between core elements and individual components-in some cases, considerably. Some of the stronger correlations suggest that a more limited subset of these component indicators might do approximately as good of a job explaining a final position on the matrix, particularly with respect to public engagement. The measurements with lower correlations-effective training and collaborationare those where greater levels of variation occur between projects, including many zero scores. Those with higher correlations reflect the component indicators where performance was relatively more uniform across project selection, which is to be expected. We also investigated the robustness of our relative positioning of projects by systematically removing each performance indicator measurement one by one from our calculation of matrix element scores. Table 3 summarizes our results, presenting raw numerical scorings for each matrix element (with rank ordering in parentheses) after excluding each individual performance indicator measure. When we undertook this sensitivity analysis, we generally observed greater levels of stability in the ranking of projects occupying the top and bottom ranks, indicating that our measures seem to do a better job of consistently identifying better and less well performing projects than those in the middle of the distribution. We also found that no single measurement could be removed yet still preserve the rank order of projects against their respective matrix elements. We observed significant variation in project rank ordering even when removing the measurement with the lowest correlation coefficient (effective training) from the calculation of the contribution to science score; only 5 out of 17 projects remained consistently ranked following the recalculation. This led us to conclude that each individual element of the performance matrix represents an important determinant of the projects' overall positionings, further demonstrating the need to incorporate a broad mix of indicators that capture different aspects of project performance.
Part of the observed discrepancy in performance among projects might be related to the nature of the subjects that volunteers are asked to classify (as we mentioned earlier, both Whale FM and Bat Detective involve the use of audio clips). Those citizen science projects that involve visual tasks might be more likely to succeed compared with those that use other sensory inputs. Also note that the upper-right quadrant of the matrix is predominantly made up of astronomy projects, especially the various incarnations of Galaxy Zoo and Planet Hunters, whereas non-astronomy projects such as Cyclone Center and Bat Detective score comparably less favorably. The only non-astronomy project to feature in the upper-right quadrant is Snapshot Serengeti, which earns its position on through very strong levels of public engagement. Although the data don't suggest that astronomy projects are the only type that can enjoy success, they do show that such projects tend to score consistently higher against multiple dimensions or measures of success, not just one or two. No preoject exemplifies this interrelationship quite like the original Galaxy Zoo, which combines an active community of volunteers and an engaged science team with a significant number of high-quality coauthored papers that have had a considerable academic impact.
Galaxy Zoo 1's dominance raises several important questions about whether astronomy projects are inherently more suited to the online environment. Was the original Galaxy Zoo's success simply a result of the project's novelty at the time it was released in 2007? Are we simply observing a lag in scientific output due to the need for new teams to process new data? Or has a finite pool of volunteer labor become increasingly stretched as the number of new projects increases over time? An analysis of the growth rate of both new Zooniverse projects and numbers of volunteers shows that the two have increased at much the same rate from 2011 to 2014, with a geometric mean annual growth in users of 32 percent compared with 38 percent annual growth in new projects. This suggests that Zooniverse hasn't yet reached a meanPart of the observed discrepancy in performance among projects might be related to the nature of the subjects that volunteers are asked to classify.
ingful limit in the pool from which it draws its volunteer resources.
The high proportion of astronomy projects in the upper-right hand quadrant of the matrix could also be a consequence of the Zooniverse platform being founded on the original Galaxy Zoo project and later expanding into a broader suite of ecology and humanities subjects. As a consequence of its history, a significant proportion of the core Zooniverse management team has a formal background in astronomy, and many are themselves a part of the project science teams for Galaxy Zoo, Planet Hunters, and Milky Way projects. A comparison of the central Zooniverse team list at https://www.zooniverse.org/team and the Galaxy Zoo team at www.galaxyzoo.org/#/ team shows the degree of overlap between the two groups. This could lead to a situation in which the central Zooniverse management team has a better understanding of the requirements associated with astronomy research and a greater ease with which projects can be designed to meet these needs. There are also opportunities to transfer knowledge between science teams of astronomy projects-the Planet Hunters team benefited from Galaxy Zoo's experiences in a way that projects such as Snapshot Serengeti did not. In an attempt to address this issue, Zooniverse has already begun a process of recruiting people with more diverse backgrounds.
Finally, despite our efforts to counter the bias toward older projects as much as possible by squaring project age or active duration in our calculations, it still undoubtedly remains the case that older projects have simply enjoyed more time for collaboration and publication compared with their more recently established counterparts. In particular, later iterations of Galaxy Zoo avoided the learning curve that new science teams face and formed in the midst of an already successful community. Zooniverse composition has changed dramatically over the past four yearsof the 17 considered projects created during or before 2010, 7 out of 8 were astronomy projects, whereas only 2 out of the 9 projects created after 2010 were related to astronomy. Developments over the coming years will therefore allow for a more decisive assessment of whether astronomy projects really are inherently more successful than others, or whether there's simply a delay in other projects "catching up" with the early movers from astronomy.
For other organizers of citizen science projects, the implications of these findings would suggest first to recognize the importance and strength of the relationship between scientific impact and public engagement. We've shown here that it's relatively unlikely for a citizen science project to meet with success against one of these measures and not the other, so an effective management strategy should target the achievement of both goals instead of one in isolation. Second, organizations overseeing several online projects relating to different areas of science (such as crowdcrafting.org) should carefully assess their core scientific competencies and the effect they might have on project design and success-this could affect the extent to which diversification is required among the core management team. Finally, many of the project outcomes and performance measures considered in this article relate to activities overseen by project science teams, so there's a need to pay careful attention to the knowledge and training of the scientists running projects. A well-made interface alone doesn't appear to be a sufficient condition to achieve a successful outcome.
T he literature on citizen science is still nascent. Although this framework makes an important contribution with relevance across disciplines, a number of limitations could also guide future research undertaken in this area. First, we've been limited to some extent by the practical availability of performance data that could have been useful to supplement or enhance the measures of project success. These include the scale of the project measured in terms of the amount of resources at its disposal, the level of training provided to the project team, and information on the socioeconomic diversity of project participants, to name a few. Second, our study is limited to an extent
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by the inherent subjectivity of defining and interpreting success. Although we used the literature on citizen science to define this term objectively, success is in reality a highly nuanced concept. The appropriate definition might vary greatly depending on the parties involved and the unique goals they've set. For instance, although some of our criteria measure publication and citation counts, it's entirely plausible that a project might be considered successful by those involved even if it doesn't result in any academic publications. Future studies could build on this work by making use both of additional data and by combining the bottom-up aggregated approach outlined in this study with a mixed-methods version that incorporates qualitative data from surveys or interviews. A combination of these extensions would provide an additional depth of insight to complement the work presented here.
